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Abstract: To provide basic research for the development and application of advanced technology for the metallurgy of 
Bayan Obo mixed rare earth concentrate (BOMREC), the thermal decomposition behavior of BOMREC under nitrogen 
atmosphere was investigated by using the Kissinger method, TGA−DSC and XRD etc., including the thermal 
decomposition kinetics, phase change, cerium oxidation efficiency, and phase change effect on the leaching efficiency 
of rare earth elements (REEs). The results indicate that during the roasting at 500−550 °C, the mass loss and activation 
energy (Ea) are approximately 10% and 148 kJ/mol, respectively. After roasting at 550 °C for 2 h, the bastnaesite in the 
BOMREC is completely decomposed and converted into rare earth oxides and fluorine oxides. The maximum oxidation 
efficiency of cerium reaches 0.58%. The maximum leaching efficiency of REEs reaches 49.1% after thermal 
decomposition at 600 °C for 2 h. 
Key words: inert atmosphere; thermal decomposition; cerium oxidation; phase change; Bayan Obo mixed rare earth 
concentrate 
                                                                                                             
 
 
1 Introduction 
 

The Bayan Obo mixed rare earth concentrate 
(BOMREC) is defined as a critical rare earth 
resource that supplies more than 60% of the world’s 
rare earth raw materials [1−3]. The rational 
development and utilization of BOMREC has a 
decisive influence on world rare earth patterns. At 
present, more than 90% of BOMRECs are treated 
by the third-generation sulfuric acid process due to 
the outstanding advantages of high rare earth 
recovery, low operating cost, strong adaptability 
and easy-to-achieve large-scale continuous 
production [4−6]. However, the current mainstream 
process in industry is facing environmental issues 

caused by the high output of waste gas and 
radioactive solid slag. In recent years, new 
advanced technologies have been proposed for the 
clean treatment of rare earth concentrates, such as 
the combination method [7], where BOMREC is 
successively treated by roasting decomposition, 
hydrochloric acid leaching and sulfuric acid 
roasting to greatly reduce the production of waste 
gas and residue from the source. In addition, some 
other advanced technologies, the oxidation 
roasting−sodium carbonate roasting process [8] and 
the acid leaching−alkali solution process containing 
roasting, hydrochloric acid leaching and alkali 
decomposition [9], have also been reported recently.  

The thermal decomposition of rare earth 
concentrate without any additive, which is a critical  
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operation unit of the new advanced technologies 
proposed in recent years, directly affects the 
leaching efficiency of rare earth elements    
(REEs) [10,11]. Previous studies indicated that 
during the thermal decomposition of rare earth 
concentrate in an oxidizing atmosphere, the 
trivalent cerium in the ore was easily oxidized to 
tetravalent cerium, which can be dissolved by 
inorganic acid in the form of a cerium−fluoride 
complex in the leaching process [12−14]. 
Unfortunately, in the hydrochloric acid system, the 
reaction between tetravalent cerium ions and 
chloride ions occurs easily in the leaching solution, 
and chlorine gas is generated, resulting in 
poisonous gas pollution [15,16]. It is a good way to 
solve the issue of chlorine gas pollution by 
inhibiting cerium oxidation during the thermal 
decomposition of rare earth concentrates. However, 
there are few studies on the thermal decomposition 
of BOMREC in inert atmospheres. Previous works 
reported that the bastnaesite in the mixed rare earth 
concentrate (66.54% REO) decomposed into 
(Ce, La)OF after roasting at 600 °C in an argon 
atmosphere for 2 h, and the cerium oxidation 
efficiency was 2.31% [17]. To better control the 
thermal decomposition of the mixed rare earth 
concentrate under an inert atmosphere, it is of great 
significance to systematically study the thermal 
decomposition kinetics, phase change and the effect 
of phase transformation on the leaching efficiency 
of REEs. 

In this work, BOMREC is used as the raw 
material, and the reaction kinetics, phase change 
and cerium oxidation behavior during thermal 
decomposition in a nitrogen gas (N2) atmosphere 
are studied. In addition, the effect of thermal 
decomposition behavior on the leaching efficiency 
of REEs is revealed. This work provides basic 
research for the development and application of 
advanced technology for treating BOMREC. 
 
2 Experimental 
 
2.1 Raw material and characterization 

BOMREC was used as the experimental 
material in this work, and its chemical compositions 
are given in Table 1. The rare earth grade of the 
BOMREC was approximately 54 wt.% REO, and 
the light rare earth elements (La/Ce/Pr/Nd) 
accounted for more than 98 wt.% of the total rare 

earth elements in the BOMREC. In addition, the 
phase analysis of the raw material is shown in 
Fig. 1. The main phases of the raw material were 
monazite (REPO4), bastnaesite (REFCO3) and 
fluorite (CaF2). 

In addition, concentrated hydrochloric acid 
(analytically pure, Sinopharm Chemical Reagent 
Co., Ltd.) and deionized water with an electrical 
conductivity of <0.16 μS/cm were used in this 
work. 
 
Table 1 Chemical compositions of Bayan Obo mixed 
rare earth concentrate (wt.%) 

Rare earths 

La2O3 CeO2 Pr6O11 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Y2O3

14.96 28.27 2.46 7.44 0.61 0.10 0.05 0.14

Non-rare earths 

Fe2O3 CaO MgO MnO2 F P Al2O3 PbO

4.61 5.57 0.20 0.08 9.18 3.74 0.04 0.28
 

 
Fig. 1 XRD pattern of Bayan Obo mixed rare earth 
concentrate 
 
2.2 Experimental methods 

First, 50 g of BOMREC was placed in a quartz 
boat (5 cm × 10 cm) and placed in a tube furnace. 
Before heating, N2 gas with a flow rate of 
500 mL/min was pumped into the tube furnace for 
approximately 30 min to empty the air in the 
furnace. Then, the sample was heated at a heating 
rate of 10 °C/min to the required temperature and 
roasted for 2 h. Finally, the roasted ore was cooled 
to room temperature in a N2 atmosphere. During 
roasting and cooling, N2 gas was continuously 
pumped into the tube furnace to maintain an inert 
atmosphere. 
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To obtain the kinetic data for the thermally 
induced process, the samples (approximately 9 mg) 
were heated in flowing dry N2 gas (20 mL/min) 
from room temperature to 800 °C using        
the simultaneous thermogravimetry–differential 
thermal analysis (TGA−DSC 3+, Mettler Toledo 
International Co., Ltd.). TGA−DSC measurements 
were performed at various heating rates of 5, 10, 15 
and 20 °C/min, respectively. In addition, the phase 
compositions of BOMRECs before and after 
roasting were analyzed by XRD with Cu Kα 
radiation (D8 Advance, Germany). 

In this work, chemical analysis was used to 
determine the cerium oxidation efficiency of the 
roasted ores that were obtained at different roasting 
temperatures. The specific analysis process was 
described in the published literature [18]. 

To analyze the leaching efficiency of REEs in 
the roasted ore, a leaching experiment was carried 
out under the conditions of HCl (4.0 mol/L), 
liquid-to-solid ratio (20:1 mL/g), temperature 
(60 °C), reaction time (1 h) and agitation 
(300 r/min). After the leaching reaction, the slurry 
was filtered to obtain the filter cake and filtrate. The 
filter cake was dried at 100 °C in an oven for 12 h. 
ICP–OES (Optima 8300, Perkin Elemer, USA)  
was employed to characterize the chemical 
compositions of the leaching liquids. 
 
2.3 Relevant calculation formulas 

The kinetic parameters of the rare earth 
concentrate during decomposition were determined 
by the Kissinger method in this work, and the 
simplified form of Kissinger equation is shown as 
Eq. (1) when the order of reaction is 1 [19,20]:  

a
2

a pp

1ln = ln EAR
E R TT

β   
− ⋅         

               (1) 

 
where β represents the heating rate (dT/dt), K/min; 
Tp is the exothermic peak temperature, K; A is 
identified as the pre-exponential factor of the 
Arrhenius equation, s−1; Ea is the activation energy, 
kJ/mol; R is molar gas constant, 8.314 J/(mol·K). 

The leaching efficiency of rare earth elements 
is calculated according to Eq. (2):  

1 1 1

0 0 0
100%m C V

m w m
η = = ×                    (2) 
 
where ƞ is the leaching efficiency of rare earth 
elements (wt.%); ml is the mass of La, Ce, Pr, Nd, 

or REEs in the leaching solution; m0 is the mass of 
La, Ce, Pr, Nd, or REEs in the mixed rare earth 
concentrate (g); Cl is the concentration of La, Ce, Pr, 
Nd, or REEs in the leaching solution (g/L); Vl is the 
volume of the leaching liquid (L); w0 is the mass 
fraction of La, Ce, Pr, Nd, or REEs in the mixed 
rare earth concentrate (%). 

The oxidation rate of Ce is calculated by  
Ce(IV)

Ce(III) Ce(IV)
100%

m
m m

ϕ = ×
+

               (3) 

 
where φ is the oxidation efficiency of Ce; mCe(IV) is 
the mass of Ce(IV) in the roasted concentrate (g), 
and mCe(III) is the mass of Ce(III) in the roasted 
concentrate (g). 
 
3 Results and discussion 
 
3.1 Kinetics of thermal decomposition 

To obtain the kinetic parameters of the thermal 
decomposition of the mixed rare earth concentrate, 
the TG and DSC curves of the samples at different 
heating rates (5, 10, 15, and 20 °C/min) are shown 
in Figs. 2 and 3, respectively. 
 

 
Fig. 2 TG curves of BOMREC at different heating rates 
 

From Fig. 2, as the heating rate increases, the 
TG curve moves to a higher temperature range,  
and only one steep slope due to mass loss of 
approximately 10 wt.% is found in each TG curve, 
which is caused by the release of CO2 gas during 
the decomposition of bastnaesite in the mixed rare 
earth concentrate [21]. Accordingly, from Fig. 3, 
there is an obvious endothermic peak in each DSC 
curve, and the endothermic peak temperature (Tp) 
increases with the heating rate. According to the 
DSC curves obtained at different heating rates, a 
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curve of ln(β/Tp
2) versus 1/Tp is plotted, and a 

straight line is fitted to the data, as shown in  
Fig. 4. The activation energy (Ea=148 kJ/mol)   
and pre-exponential factor (A=7.9×108 s−1) are 
calculated by the Kissinger equation described in 
Eq. (1). According to the activation energy obtained 
in this work, it can be concluded that the thermal 
decomposition reaction rate of the mixed rare earth 
concentrate at 450−600 °C is determined by 
chemical reaction [12]. Therefore, the thermal 
decomposition of the mixed rare earth concentrate 
can be promoted by properly increasing the roasting 
temperature, which provides theoretical guidance 
for optimizing roasting conditions. 

 

 
Fig. 3 DSC curves of Bayan Obo mixed rare earth 
concentrate at different heating rates 
 

 

Fig. 4 Fitting line of ln(β/Tp
2) versus 1/Tp 

 
3.2 Phase changes during thermal decomposition 

To trace the phase changes during the 
decomposition process, the samples are roasted at 
different roasting temperatures (heating rate of 
10 °C/min) for 2 h in a N2 atmosphere, and the 
XRD patterns of the samples are analyzed in Fig. 5. 

 

 
Fig. 5 XRD patterns of roasted concentrates at different 
temperatures 
 

When the roasting temperature is lower than 
450 °C, the diffraction peak intensity corresponding 
to bastnaesite does not change significantly, and no 
new diffraction peak is found, indicating that 
bastnaesite in the mixed rare earth concentrate does 
not decompose. When the temperature reaches 
500 °C, the diffraction peak of bastnaesite can still 
be detected, but the peak intensity is obviously 
weakened, indicating that bastnaesite has partially 
decomposed. At the same time, new phases (RE2O3, 
and REOF) are detected at this temperature, and 
this phenomenon can be explained by the 
decomposition reaction of bastnaesite in the mixed 
rare earth concentrate, as shown in Reactions (4) 
and (5). In addition, it has been reported that CO2 
gas, which is produced during the thermal 
decomposition of bastnaesite, can oxidize Ce(III) in 
bastnaesite even in an inert atmosphere according  
to the reaction described in Reaction (6) [18]. 
Therefore, in this work, cerium mainly exists in the 
form of Ce(III), but there is still a small amount of 
Ce(IV) in the generated rare earth oxides. Above 
550 °C, the diffraction peak of bastnaesite could not 
be detected due to the complete decomposition of 
bastnaesite. The temperature (550 °C) for complete 
decomposition of bastnaesite in the mixed rare earth 
concentrate in a nitrogen atmosphere is higher than 
that (500 °C) in air atmosphere [22]. 
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3REFCO3=RE2O3+REF3+3CO2(g)           (4) 
 
RE2O3+REF3=3REOF                     (5) 
 
3CeOF+CO2=2CeO2+CeF3+CO(g)          (6) 
 
3.3 Ce oxidation behavior during thermal 

decomposition 
To clarify the cerium oxidation behavior of the 

mixed rare earth concentrate during thermal 
decomposition in a N2 atmosphere, the oxidation 
efficiency of cerium and mass loss rate are analysed, 
as shown in Fig. 6. 
 

 
Fig. 6 Oxidation efficiency of cerium and mass loss rate 
of mixed rare earth concentrate at different temperatures 
 

When the calcination temperature is lower 
than 450 °C, no mass loss or cerium oxidation is 
detected because the samples do not decompose at 
this temperature. At 450 °C, a mass loss rate of 
approximately 2% is observed owing to the 
emission of CO2 gas during the decomposition of 
bastnaesite in the mixed rare earth concentrate. In 
this case, no obvious oxidation of cerium occurs 
because very little CO2 gas is produced at this 
temperature. From 500 to 550 °C, the mass loss 
increases significantly due to the thermal 
decomposition of bastnaesite in the mixed rare earth 
concentrate. A relatively low cerium oxidation 
efficiency of approximately 0.15% is detected. The 
reason is that the CO2 concentration in the system is 
low because the generated CO2 gas is continuously 
taken out of the system in this work, resulting in an 
indistinguishable change in cerium oxidation 
efficiency. From 550 to 700 °C, the mass loss rate 
tends to be stable at approximately 10%, but the 
oxidation efficiency of Ce is significantly improved 
from 0.15% to 0.58%. On the one hand, the cerium 

oxidation reaction described as Reaction (6) is 
thermally facilitated by increasing temperature [18]. 
On the other hand, according to the results of 
thermal decomposition kinetics, the decomposition 
rate of bastnaesite increases with increasing 
temperature; thus, the concentration of CO2 in the 
system increases with the roasting temperature, 
resulting in a positive shift of the reaction 
equilibrium of Reaction (6). 

In addition, it has been reported that cerium is 
also oxidized into Ce(IV) with a cerium oxidation 
efficiency of 2.31% during thermal decomposition 
of the mixed rare earth concentrate under an argon 
atmosphere [17], which is consistent with the result 
of this work. In comparison, during thermal 
decomposition in air atmosphere, the oxidation rate 
of cerium in the mixed rare earth concentrate can 
reach 60% [22]. 
 
3.4 Effect of phase change on rare earth leaching 

efficiency 
To illustrate the influence of phase changes 

during thermal decomposition on the leaching 
efficiency of REEs, the samples prepared at 
different roasting temperatures are used as raw 
materials, and the leaching efficiency of REEs in 
the hydrochloric acid leaching process is shown in 
Fig. 7. 
 

 
Fig. 7 Leaching efficiency of rare earth elements in 
roasted ores obtained at different temperatures 
 

When the roasting temperature is lower than 
450 °C, the leaching efficiency of REEs is less than 
5%. According to the results above in this work, the 
bastnaesite in the mixed concentrate does not 
decompose at temperatures below 450 °C, and only 
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the REEs on the surface of the sample may be 
dissolved by hydrochloric acid. With increasing 
roasting temperature (450−600 °C), the leaching 
efficiencies of REEs (14.2%−49.1%), La (11.8%− 
53.5%), Ce (14.3%−42.9%), Pr (15.7%−55.2%), 
and Nd (16.9%−58.3%) increase significantly. 
However, when the roasting temperature continues 
to rise to 700 °C, the leaching efficiencies of  
REEs decrease slightly. The reason is that high 
temperature leads to the densification of the sample 
surface, resulting in insufficient solid–liquid contact 
during the leaching process [21]. 

To further analyze the leaching behavior of 
different phases in the roasted ore, the phase 
compositions and rare earth partition of the leaching 
residue are characterized in this work. Figure 8 
exhibits the partitioning of La/Ce/Pr/Nd elements in 
the leaching residue. The proportion of La/Pr/Nd to 
the total REEs in the leaching residue tends to 
decrease, while that of Ce increases with increasing 
roasting temperature (450−550 °C). It can be 
inferred that insoluble compounds containing 
cerium (possibly CeF3) are formed during the 
leaching process, resulting in the return of cerium to 
the leaching residue in the form of precipitates. The 
phase compositions of the rare-earth roasted ore and 
the leaching residue are compared to prove this 
point, as shown in Fig. 9. The main phases in the 
roasted ore are monazite (REPO4), rare earth oxide 
(REO), rare earth fluoride oxide (REOF) and 
fluorite (CaF2). In contrast, only two major phases 
of REPO4 and CeF3 are found in the leaching 
residue, which confirms that the phases of REO,  
 

 
Fig. 8 Proportion of La/Ce/Pr/Nd elements to total REEs 
in leaching residue of rare earth roasted ores obtained at 
different roasting temperatures 

 

 
Fig. 9 XRD patterns of roasted ore and leaching residue 
 
REOF and CaF2 are dissolved and that the 
precipitation of CeF3 is generated during the 
leaching process. This phenomenon is in good 
agreement with the results of the relatively low 
leaching efficiency of Ce, as shown in Fig. 7. 
 
4 Conclusions 
 

(1) After the thermal decomposition of the 
Bayan Obo mixed rare earth concentrate in a N2  
gas atmosphere at 500−550 °C, the mass loss is 
approximately 10 wt.%, and the activation energy 
(Ea) is calculated to be equal to 148 kJ/mol. 

(2) After roasting at 550 °C for 2 h, the 
bastnaesite in the Bayan Obo mixed rare earth 
concentrate can be completely decomposed, and 
new phases (RE2O3, and REOF) are generated 
simultaneously. 

(3) During thermal decomposition in a N2 gas 
atmosphere, a small amount of Ce(III) in the Bayan 
Obo mixed rare earth concentrate can still be 
oxidized to Ce(IV), and the maximum oxidation 
efficiency of Ce can reach 0.58%. 

(4) The maximum leaching efficiency of REEs 
(49.1%) is obtained after thermal decomposition at 
600 °C for 2 h in a nitrogen atmosphere, including 
La (53.5%), Ce (42.9%), Pr (55.2%) and Nd 
(58.3%). CeF3 precipitates are formed during the 
leaching process, resulting in a relatively low 
leaching efficiency of cerium. 
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摘  要：为了开发和应用白云鄂博混合型稀土精矿的先进冶炼技术，采用 Kissinger 公式、TGA−DSC 和 XRD 等

分析方法，研究在氮气氛下白云鄂博混合型稀土精矿的热分解行为，包括热分解动力学、物相变化规律、铈氧化

效率以及物相变化对稀土浸出率的影响。结果表明：在 500~550 ℃焙烧时，焙烧质量损失率约 10%、热分解活化

能(Ea)为 148 kJ/mol。550 ℃焙烧 2 h，白云鄂博混合型稀土精矿中氟碳铈矿完全分解，并转化为稀土氧化物和氟

氧化物，铈氧化率最大值为 0.58%。600 ℃焙烧 2 h，稀土最大浸出率达 49.1%。 
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